We report studies of the guiding of terahertz radiation on a copper surface textured with an array of blind annular holes. The structure supports two tightly bound surface plasmon-polaritonlike electromagnetic waves associated with TE 11 and TEM coaxial waveguide modes. The TE 11 -like surface mode has a cutoff determined by the array period while the TEM mode can be arranged to have a lower frequency cut-off by adjusting the hole depth. The ability to guide two modes in independently variable bands could be useful in quantitative chemical sensing. © 2010 American Institute of Physics. ͓doi:10.1063/1.3276545͔
The terahertz ͑THz͒ frequency spectrum is conventionally taken to be between about 0.1 and 10 THz and lies between the domains of microwave electronics and mid infrared optics. Developments in this band are strongly motivated by applications in fundamental science and the quest for higher bandwidth signal processing and new imaging and sensing modalities. 1 Examples of current or emerging applications include the dielectric characterization of materials, 2 medical imaging, 3 pharmaceutical quality control, 4 communications, 5 security screening, 6 and chemical and biochemical sensing. 7 Potential sensing applications, for example in label free genetic testing, often involve small volumes of material. In this case it is desirable to enhance the sensitivity by confining the probing radiation in the region of the sample on a wavelength scale or better in at least one dimension. Other important considerations are whether guiding can be achieved over a frequency range sufficient for spectroscopic discrimination and whether there is easy access to the guided mode. Various approaches to sensing have been suggested, including the use of stripline resonators, 8 parallel plate waveguides, 9 attenuated total internal reflection, 10 and plasmonic metamaterials.
11
Plasmonic metamaterials are artificial metal-dielectric composites structured on a subwavelength scale. They can support tightly bound electromagnetic surface waves at THz frequencies that mimic the behavior of surface plasmon polaritons ͑SPPs͒ in the visible but with effective plasma frequencies determined by surface geometry rather than the properties of the specific metal. 12 The out-of-plane extent of these "spoof" surface plasmon polaritons ͑which we refer to as SSPPs hereafter͒ is determined by their dispersion which can be readily engineered. Among the simplest plasmonic metamaterials are metal surfaces decorated with square or circular holes. The holes can be considered as waveguides and have a cutoff frequency, equivalent to the effective plasma frequency, below which only evanescent fields exist on the metal side of the interface. In the case of a periodic array of air filled holes, the effective plasma frequency lies above the band edge and cannot be accessed. The periodicity then determines the cutoff frequency below which SSPPs can propagate. Strong spatial confinement of SSPPs perpendicular to the surface is still achieved close to the band edge because of the way in which the dispersion curve is bent below the light line by coherent scattering. Recently, we reported direct observation of wavelength scale confinement over an octave of THz frequency due to this effect on flat metal surfaces decorated with periodic arrays of blind, square holes. 11 While effective, this approach does not lend itself to guiding in multiple frequency bands or allow access to the subwavelength-scale field confinement that is possible close to the effective plasma frequency. These limitations can be addressed using different hole geometries. In this letter we describe experiments and numerical simulations designed to study dual band THz SSPP propagation on a copper surface textured with an array of blind annular holes. In the optical and near infrared, SSPPs on arrays of nanoscale coaxial apertures play a part in the extraordinary near infrared optical transmission through such structures. 13, 14 The metamaterial investigated is illustrated in Fig. 1͑a͒ . The period is ⌳ =80 m and the hole depth, h, is approximately 60 m. The inner and outer diameters of each annulus are a in =20 m and a out =60 m. The structure was made using photolithography with SU-8-50 resist 15 followed by sputter coating with 3 m of copper and diced into 8 mmϫ 42 mm rectangular samples. From cross sectional scanning electron microscope images such as that in Fig.  1͑b͒ , the coating thickness on the side-walls, where the metal is thinnest, is estimated to be in the range 0.5 to 1 m which is an order of magnitude larger than the skin depth at 1 THz.
The two lowest frequency modes of an infinitely long coaxial waveguide are a cylindrically symmetric TEM mode which has no cutoff and a TE 11 mode with cutoff determined by the average radius. For coaxial grooves of finite depth h, the TEM surface mode cuts off at f c ϳ c / ͑4h͒ and the TE 11 mode at f c ϳ 2c / ͓͑a in + a out ͔͒. 16 Our periodic structure of annular grooves supports SSPPs with local field patterns similar to those of the TEM and TE 11 modes of the infinite guide, as shown in the insets to Fig. 2 . The dispersion curves of these TEM-like and TE 11 -like SSPP modes were calculated in the perfect conductor approximation using finite difference time domain ͑FDTD͒ simulations and, with very similar results, by an analytical coupled mode method ͑CMM͒ and are shown in Fig. 2 . In the CMM, 17 diffraction was included to arbitrary order but only the TEM and TE 11 modes were considered, in order to show that these make the dominant contribution. TM and higher order TE modes have frequencies above 7 THz and can be neglected. The TEMlike spoof plasma frequency is determined by the hole depth and lies at f c = 1.06 THz for h =60 m. It can be varied between roughly 1.7 and 0.3 THz by selecting h in the range 30-100 m. The TE 11 waveguide cutoff in our structure lies near 5 THz and is above the free space frequency at the zone boundary so that the effective TE 11 -like cut off is instead determined by the period of the structure and has a frequency f c ‫ء‬ = 1.8 THz. Time domain THz spectroscopy using a photoconductive transmitter and receiver combination 11 was performed on the structure in the geometry shown in Fig. 1͑c͒ . End-fire coupling of the s-polarized incident radiation to guided modes on the metamaterial was achieved using high resistivity silicon hyper-hemispherical collimating lenses in conjunction with silicon planocylindrical focusing lenses. The flat faces of the cylindrical lenses were spaced from the sample edges by 50 m thick Mylar films and the optical axis was arranged to lie about 100 m above the sample surface. Using a scanning photoconductive antenna, the beam focus at the lens face on the in-coupling side was found to have a shortaxis full width at half maximum amplitude of 200 m at the lens surface. We find that the end-fire coupling geometry is about five times more efficient than the broadband technique based on obliquely illuminated apertures used previously. 11, 18 Figure 3͑a͒ shows time domain data for the metamaterial, together with a reference signal recorded to show the system frequency response and to calibrate the spectral phase. The reference was obtained by removing the sample while keeping the optics fixed in position. The metamaterial trace shows dispersion and beating which are signatures of multiple guided SSPP modes. These are clearly shown in the corresponding spectra in Fig. 3͑b͒ . The small oscillations evident below 1 THz are a reflection artifact. The vertical dashed lines in Fig. 3͑b͒ show the frequencies of the TEM and TE 11 SSPP cut-offs evaluated in FDTD simulations. In time domain simulations using the finite integration technique ͑FIT͒ ͑Ref. 19͒ and sufficiently broadband illumination we find that roughly equal energy is coupled into each mode. The lower amplitude of the TE 11 mode relative to that of the TEM mode in Fig. 3͑b͒ is largely a result of the frequency response of the THz system which is described by the reference spectrum in Fig. 3͑b͒ . If the input spectrum in the FIT simulation is matched to that of the reference then we obtain reasonable agreement between measured and calculated spectra, as shown in Fig. 3͑b͒ , which verifies that guiding takes place in both the TE 11 and TEM-like surface modes. The simulation spectrum is obtained on the optical axis after propagation by 38 mm. The position of the dip and shape of the hump near 1.5 THz are very sensitive to the value of h which varies by ϳ10% across the sample because of nonuniformity in the resist coating process. Measurement of the phase spectrum ͑͒ corresponding to the amplitude spectrum in Fig. 3͑a͒ allows the dispersion relation to be obtained using the equation
is the free space wavevector, ⌬ is the difference between the phase spectra with and without the sample in place, and L is the sample length. Figure 4͑a͒ shows the measured difference between k x and k o , ⌬k x , together with that calculated using the CMM. The agreement between calculation and experiment for the TE 11 mode is excellent. The noticeably worse agreement for the TEM mode is probably due to the variation in h across the sample. The experimental dispersion results shown in Fig. 4͑a͒ allow us to estimate the out of plane extent of the guided waves. For the TEM mode at 0.90 THz, where the signal is a maximum, we estimate the exponential field decay length, L z =1/ ͱ͑k x 2 − k o 2 ͒, to be 620Ϯ 40 m ͑ϳ2͒. For the TE 11 mode at 1.50 THz we obtain L z = 500Ϯ 50 m ͑ϳ2.5͒. These values are a hundred times smaller than expected for a fully evolved SPP on a flat copper surface, known as a Zenneck wave. 20 The narrow frequency window where the group velocity of the TEM mode is very small and over which L z theoretically approaches / 8 at the band edge, is not accessible in our measurements. This is because of poor field overlap with the THz beam, higher attenuation, and the broadband nature of time domain spectroscopy. Figure 4͑b͒ shows the square root of the detected pulse energy, measured as a function of sample length. The pulse energy is estimated by squaring and integrating the time domain traces. The longest sample consists of two 42 mm long pieces accurately butted together. The error bars reflect the reproducibility in positioning the sample and cylindrical lenses. An exponential fit to the data yields a frequency averaged amplitude attenuation coefficient of ␣ = 0.22Ϯ 0.06 cm −1 . For comparison, we modeled the pulse propagation using the finite integration technique in a 30 mm long simulation volume extending 5 mm above the metamaterial surface with perfectly absorbing boundary conditions at the upper surface and periodic boundary conditions transverse to the propagation direction. The finite metal conductivity was incorporated using surface impedance boundary conditions, which provide accurate results for metals with large permittivities. 21 In a similar way to the experiment, we monitored the decay of the electric field as a function of time at different points along a propagation axis 100 m above the surface. By comparing the results for a copper conductivity equal to the bulk value of 5.8ϫ 10 7 ⍀ −1 m −1 with the perfect electrical conductor case, we were able to infer an Ohmic contribution to ␣ of 0.05Ϯ 0.01 cm −1 . The higher value of the experimental attenuation coefficient can probably be attributed to a combination of lower than assumed metal conductivity and scattering by the sample boundaries and imperfections. While the loss is not negligible, there is an acceptable tradeoff with confinement for the fewcentimeter-scale devices that might be envisaged in practical applications such as sensing.
In summary, we have presented experimental results and supporting numerical simulations showing propagation of tightly bound and relatively low loss SSPP-THz waves on a metamaterial surface containing annular cavities. Guiding in two independently variable and relatively low loss frequency bands can be supported. Together with efficient end-fire coupling, this could be useful in waveguide-based chemical or biochemical sensing where the ability to ratio responses in at least two distinct frequency bands with high dynamic range is desirable for quantitative analysis. 
